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ABSTRACT OF THE THESIS 
 
Optical Coherence Tomography (OCT) as an Advanced Tool in Different Applications 
 
By 
 
Junxiao Yu 
 
Master of Science in Biomedical Engineering 
 
 University of California, Irvine, 2019 
 
Professor Zhongping Chen, Chair 
 
Optical coherence tomography (OCT) is a non-invasive imaging technique that uses coherence 
light to acquire information from light scattering material. Based on its high-resolution, 
cross-sectional and three-dimensional volumetric image properties, it has become a major optical 
imaging modality in biomedical optics and medicine [1] . Optical coherence electrography (OCE) 
is an extension of OCT, it gives out optical elastic imaging based on tissue biomechanical 
properties which provides more information compared to traditional OCT [2, 3]. Another 
functional extension of OCT is known as polarization sensitive optical coherence tomography 
(PS-OCT). Different from intensity-based OCT, PS-OCT provides additional contrast 
information on tissues based on polarization states of light [4]. During my master period, I 
mainly focused on the applications of the OCT, including 1) OCT in early diagnosis on 
androgenic alopecia; 2) real-time viscosity-based monitoring of blood coagulation by OCE; 3) 
and PS-OCT with spun fiber. 
 1 
Introduction 
OCT is a non-invasive medical imaging technique that can provide intensity-based biological 
imaging with a high resolution in light scattering materials [5]. It uses near-infrared light as a 
source to detect tissues’ biological properties and provide cross-sectional and volumetric 
imaging by measuring the magnitude and echo time of the backscattered light [1]. The use of a 
long central wavelength light make it possible to penetrate deeper in the scattering material. 
Based on the different biological properties of the material, the area that reflects more light 
shows higher signal, therefore, generating intensity-based the OCT images. This unique feature 
of OCT makes it a powerful imaging tool in many clinical applications.  
In my study, I will focus on the applications of OCT, including 1) OCT in early diagnosis on 
androgenic alopecia; 2) real-time viscosity-based monitoring of blood coagulation by OCE and 3) 
PS-OCT with spun fiber.  
Androgenic alopecia, more commonly known as pattern baldness, presents as a receding or 
thinning hairline in both men and women. OCT can rapidly provide near-histopathological 
cross-sectional images which can be used as a tool for in-vivo assessment of hair loss.  
PS-OCT is a functional extension of OCT. It provides additional information of the sample based 
on analysis of polarization states of the backscattering light. Several PS-OCT systems, such as 
free-space optics, single mode fiber, and polarization maintaining (PM) fibers, have been 
developed. However, the traditional PM fiber preserves polarization states but has limitations 
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when implemented for a rotating endoscopic or catheter probe [6]. In this study, I developed a 
novel scheme of PS-OCT implementation using a specific PM fiber, known as a spun fiber, 
which has the structure of a PM fiber twisted along the fiber optic axis and distinguishes two 
circular polarization states with different propagation speeds. The spun fiber has the advantages 
of maintaining the polarization states regardless of fiber bends. The orientation insensitivity of 
the spun fiber offers great potential in the endoscopic PS-OCT system. I tested our spun 
fiber-based PS-OCT system on a chicken breast sample. The phase retardation image shows 
clear muscle structures compared to intensity-based OCT images, indicating our PS-OCT system 
has the ability to detect tissue birefringence. 
A rapid and accurate clot diagnosis system is important in the assessment of blood coagulation. 
Traditional ways for blood coagulation assessment have poor sensitivity, poor repeatability, and 
lack of common standardization [7]. My lab member and I developed a piezoelectric transducer 
optical coherence elastography (PZT-OCE) system that enables real-time monitoring of blood 
coagulation based on the measurement of viscosity during the coagulation process. The system 
compared blood coagulation metrics between samples with different concentrations of activator 
kaolin and hemodilution. The results show that PZT-OCE is sensitive to coagulation 
abnormalities and able to characterize blood coagulation which can be used for diagnosis of 
coagulation disorders and monitoring of therapies. 
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Chapter 1  
Early Diagnosis of Androgenic Alopecia with OCT 
The American Hair Loss Association states that hair loss is an extremely emotionally distressing 
disease that makes afflicted patients psychologically vulnerable. Androgenic alopecia is more 
commonly known as pattern hair loss [8]. It presents as a receding hairline for men and hair 
thinning for women. Hair comes from hair follicles and undergoes cycles of growth (anagen), 
resorption (catagen), and rest (telogen). Follicular stem cells are responsible for the regeneration 
of the hair follicle with each new cycle. However, many factors may alter the regenerating hair 
follicle with subsequent interruption and hair loss (alopecia). It is believed that male pattern hair 
loss is mainly due to a combination of genetics and the male hormone dihydrotestosterone (DHT) 
[8]. The male hormone translates into DHT which block hair follicle regeneration by preventing 
hair follicle stem cells translating into hair follicle cells. Therefore, hair follicles become smaller 
and move away from the capillaries that provide nutrients to the hair, causing the hair to become 
thin and finally die. 
The current gold standard of diagnosis includes non-invasive dermoscopy of the scalp, known as 
trichoscopy, and invasive punch biopsy. Trichoscopy, more like a microscope, magnifies the 
images of the surface of the scalp, which provides a very superficial understanding of hair 
diameter as well as the opening of the hair follicles. However, it can’t assess information 
underneath the scalp and thus yields insufficient insight towards the cause of hair loss. Also, the 
diagnostic accuracy rate is only 50% to 70%, indicating the need for additional diagnostic tools. 
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Compared to trichoscopy, histopathological analysis provides more information, such as hair 
follicle density and hair shaft diameter, which can be used to infer the extent of androgenic 
alopecia development. Because of the invasive nature of punch biopsies, physicians cannot 
properly sample large areas of the scalp to avoid causing further pain to patients. Therefore, 
based on the current diagnostic techniques, it is difficult for physicians to get a global assessment 
of androgenic alopecia. OCT, as a non-invasive, non-ionizing tomographic imaging technique, 
can rapidly provide near histopathological cross-sectional image with a high resolution of 10 µm. 
Also, it can assess information on large areas of the scalp. 
Platelet-rich plasma (PRP) is an autologous preparation of human plasma with a high 
concentration of platelets. It is prepared from centrifuging a subject’s own blood with the 
subsequent extraction of the portion of plasma that is rich in platelets, growth factor, chemokines, 
and cytokines. Those growing factors can stimulate the hair follicle stem cells and therefore 
active the dominant hair follicles. In cooperate with people from the Department of Dermatology, 
we used a PRP treatment on a group of volunteer patients and imaged the same spot of the scalp 
before and after treatment. 
A schematic diagram of the OCT system is shown in Figure 1. The OCT system used a swept 
source laser with a center wavelength of 1310 nm and frequency of 100 kHz. The beam was then 
split by a coupler with 90% of the power going into the sample arm while 10% went to the 
reference arm. It provided an 8 µm axial resolution and 16 µm lateral resolution with a 5 mm x 7 
mm scanning window.  
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Figure 1. Schematic diagram of the OCT system. When scanning, the OCT probe was placed tightly on 
the patients scalp for a 3D scanning. For each spot, three groups of images were imaged. 
 
For each patient, three fixed spots were measured: the frontal midline (FM), the central (CM) 
and the parietal midline (PM). Other spots were selected based on the conditions of the patients’ 
affected areas. 
To ensure the same scanning spot every time of the affected area, a unique handmade cap which 
had holes for the affected area for scanning was used for every patient. For each patient, we 
imaged the same spot before and 3 weeks after the treatment of PRP to see a comparison 
between the two.  
Figure 2 shows photos of the affected area and the OCT images from left front (FL), central 
midline (CM), right front (FR) and crown before PRP treatment. The round shaped areas are the 
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hair follicles while the black lines indicate the hair shaft. Because light can’t penetrate the hair, 
the black lines are shadows of the hair shafts.  
 
Figure 2. OCT images of the affected area from FL, CL, FR and crown. Shadowed round shaped areas 
are the opening of the hair follicles while the black lines indicated the hair shaft. 
 
OCT images showed a clear view of the hair follicles that were underneath the scalp. Based on 
the OCT images, the density of the hair follicles and the diameter of hair follicles, as well as the 
diameter of hair shaft, can be measured and used as a persuasive parameter for the diagnosis for 
hair loss.  
We also incorporated patients who underwent PRP treatment. The images are shown in Figure 3. 
The images were acquired before and after PRP treatment on the right frontal affected spot for 
both the patient 1 and patient 2. For both patients, there were a number of tiny hair follicles that 
were difficult to see before PRP treatment while they became bigger after three weeks of 
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treatment. Thin newly grown hair shafts were also observed in both post-treatment images, 
indicating the rebirth of hair follicles. The number of hair follicles and diameter of the hair 
follicles are shown in Figure 3 (B) and (D). Both the number and diameter significantly 
increased. 
 
Figure 3. OCT images of hair follicles underneath scalp before and three weeks after PRP treatment. A), 
B) OCT images and hair follicle number and diameter of the same spot before and after three weeks for 
patient 1; C), D) OCT images and hair follicle number and diameter of the same spot before and after 
three weeks for patient 2.   
 8 
 
Therefore, our OCT system has successfully shown the ability to characterize hair follicles as 
well as to evaluate the diameter of the hair follicle and shaft. Also, it can observe the difference 
between the pre-treatment and post-treatment patient. 
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Chapter 2  
Optical Coherence Elastography 
OCE is an extension of OCT. It detects sample deformation, sample vibration, or shear wave 
propagation which has been developed to assess tissue biomechanics [9, 10]. Changes in 
mechanical properties of biological tissues can be used as a tool for early diagnosis of clinical 
diseases [11]. However, elasticity measurements of soft tissues require high spatial resolution. 
Recently, OCE, based on Doppler OCT as the imaging technique, has been widely applied in the 
elasticity detection of ocular tissues, breast tissues, vascular tissues, blood samples, muscular 
tissues, skin tissues and other biological tissue [12]. OCE has a high resolution of ~15 µm. 
Based on the measurement of vibration amplitudes and elastic wave velocities, elastic properties 
such as Young’s modulus can be quantified. Working with my lab mate, we used OCE as an 
advantageous tool to monitor viscosity during hemodiluted blood coagulation. Furthermore, in 
order to get elastic information along the force direction during the OCE excitation, we 
performed coaxial excitation longitudinal shear wave measurements for quantification of elastic 
moduli along the force direction using an M-scan on different stiffness phantoms.  
 
2.1 Longitudinal Shear Wave Measurement 
Conventional transverse elastic wave measurement only quantifies the elastic modulus 
perpendicular to the force while missing elastic information along the force direction. Different 
from the transverse wave, the longitudinal shear wave can detect the elastic modulus along the 
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force direction under orthogonal excitation, which provides more information during 
measurements. In this study, we used a ring-shaped PZT to generate a longitudinal shear wave 
on the sample and an OCT system to visualize the vibration and wave propagation. Both the PZT 
and OCT system were located on the top of the testing sample while the PZT was in slight 
contacting with the sample surface. During the measurement, the PZT applied a force on the 
sample, and the OCT laser beam passed through the ring hole of the PZT, providing a coaxial 
lateral scan for the measurement of elastic properties along the force direction. However, 
incorporating a non-coaxial lateral scan, the Rayleigh wave can be captured and help acquiring 
information perpendicular to the force direction. Therefore, the elastic properties can be 
quantified not only perpendicular to the force direction but also along the force direction.  
The OCE system schematic diagram is shown in Figure 4 a).  
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Figure 4. Schematic diagram of the OCE system for coaxial longitudinal shear wave measurements. a) 
The OCE system includes a swept source OCT unit and a ring PZT excitation unit. One end of the PZT is 
fixed on the rigid plate for stabilization and the other end is attached to a piece of cover glass to apply 
uniform force on the sample. b) The coaxial excitation mode. The OCT beam passes through the hole of 
the rigid plate, the ring actuator and the cover glass to provide a scan of the sample. c) Non-coaxial later 
scan mode. The OCT beam directly scanned the sample phantom [13].   
 
An OCT imaging system and a PZT excitation unit were included in the OCE system. The OCT 
system used a swept source laser with a center wavelength of 1300 nm and frequency of 100 kHz. 
The beam was then split by a coupler with 99% of the power going into the sample arm while 1% 
went to the reference arm. The ring-shaped PZT had an inner diameter of 4.5 mm and an outer 
diameter of 8 mm. The PZT was fixed by a rigid plate for stabilization. A cover glass was gently 
placed on the surface of the phantom, and the other side was attached tightly to PZT to help 
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provide a uniform force on the sample. During scanning, the OCT beam which approximately 
coincided with the axis of the ring PZT actuator in the coaxial setup, shown in Figure 4 b), 
passed through the hole of the rigid plate, the ring PZT, and the cover glass. We imaged the 
phantom with 1000 A-lines within 10 ms while the PZT starting providing force at 1 ms. Also, 
the Rayleigh wave was measured using non-coaxial OCT lateral scans, shown in Figure 4 c), 
allowing the OCE system to acquire elastic information perpendicular to the force direction. 
For the experiment, PZT repeatedly excited the sample using one cycle of a sine wave with a 
frequency of 1 kHz and a peak-to-peak voltage of 103 V for each M-scan during OCT lateral 
scanning. Three waves were generated during the excitation, a Rayleigh wave, a compressional 
wave, and a shear wave, which are shown in Figure 5. 
 
Figure 5. Generation of a transverse shear wave, a longitudinal shear wave and a compressional wave. 
The Rayleigh wave propagated near the surface of the sample. Multiple transverse shear waves traveled 
inside the phantom to drive a longitudinal shear wave [13]. 
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To mimic biological tissues properties, two homogeneous phantoms with 0.5% (w/v) and 0.7% 
(w/v) agars and one mixed phantom with 0.5% on the top and 0.7% at the bottom were used to 
validate longitudinal shear wave measurements. Based on coaxial excitation and OCT scanning, 
the visualization of the longitudinal shear wave is shown in Figure 6. The shear wave in the OCE 
images can be measured by Dd/Dt where Dd is travel distance and Dt is time. B-scan OCT images 
show no obvious difference between the 3 phantoms. However, M-scan Doppler OCT images 
indicate that the shear velocity is higher in the 0.7% phantom compared to the 0.5% one. The 
average velocities in the 0.5% and 0.7% phantoms were 1.7 m/s and 3.2 m/s, respectively. In the 
two-layer phantom sample, one sees an obvious change of shear wave travel speed at the 
boundary of the layers. The shear wave travel speed was calculated as 1.6 m/s and 3.5 m/s, 
respectively, in 0.5% and 0.7% phantoms.  
 
Figure 6. Longitudinal shear wave imaging using coaxial excitation in 0.5%, 0.7% and two-layer 
phantoms. The shear wave velocity is higher in the 0.7% agar phantom. The shear wave traveling speed 
obviously changed at the boundary of the layer in the two-layer phantom [13].  
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Based on the shear wave velocity, Young’s modulus E can be calculated as  E = 2×(1 + v)×ρ×𝐶𝑠2 
where ρ is the density of the sample, v is the Poisson’s ratio, and Young’s modulus for 0.5% 
and 0.7% phantoms are 8.7 kPa and 30.7 kPa, respectively, which are very close to the 
mechanical tests showing Young’s modulus for 0.5% and 0.7% phantoms as 9.3 kPa and 29.3 
kPa, respectively. 
In this study, we developed coaxial longitudinal shear wave measurements with an OCE system 
that can accurately acquire elastic information along the force direction which is essential for the 
biomechanical assessment of anisotropic tissues. Also, the orientation of the OCT and PZT units 
are convenient in many clinical applications since they’re located on the same side of the sample.  
 
2.2 Viscosity Monitoring in Blood Coagulation 
Blood coagulation analysis is essential in trauma and surgery. Coagulopathic changes in massive 
bleeding may cause serious problems. Regular coagulation analysis includes measurements of 
activated partial thromboplastin time (aPTT), prothrombin time (PT), platelet count and 
fibrinogen levels in plasma [4]. However, all these traditional analyses take more than 30 to 60 
minutes. Thromboelastography and thromboelastometry (TEG/ROTEM) can access clot 
information but have poor sensitivity and repeatability. Therefore, rapid and accurate clot 
diagnostic systems are needed for assessment of hemodiluted blood coagulation. 
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In this study, my lab members and I developed a PZT-OCE system that measured the real-time 
viscous property of one drop of blood. Employed with OCT, the OCE system can detect sample 
deformation, vibration, or wave propagation which assess tissue biomechanics [13,14]. By 
measuring the attenuation coefficient of a compressional wave induced by a PZT, viscous 
properties during the blood coagulation process can be determined. Viscous properties change 
when the attenuation coefficient of the sample increases. Therefore, dynamic blood coagulation 
status can be monitored by relating changes of the attenuation coefficient to clinically relevant 
coagulation metrics, such as coagulation time and clot formation rate [15].  
In this study, fresh citrated porcine whole blood (Sierra for Medical Science, CA) was used. The 
OCE system includes an OCT image unit and a PZT excitation unit. The schematic diagram is 
shown in Figure 7.  
 
Figure 7. PZT-OCE system for monitoring viscosity during blood coagulation. A drop of blood was 
placed on a microscope slide. A PZT slightly touches the top of the blood and excited the blood to 
generate a compressional wave. The vibration is then detected by the Doppler OCT system which is 
scanning from the bottom of the blood [10]. 
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A drop of porcine blood with a volume of 200 µL was injected onto a microscope slide with a 
contact area around 141 𝑚𝑚2. A PZT was attached to the top of the blood drop by surface 
tension with contact around 64 𝑚𝑚2. The thickness of the blood drop was 2 mm and stay 
unchanged during the measurement. The PZT generated one cycle of a sine wave with a 
frequency of 200 Hz and a peak-to-peak voltage of 70.8 V onto the blood, causing vibration and 
generation of a compressional wave. The OCT lens was located under the microscope slide. The 
system used a swept source with a central wavelength of 1310 nm and an A-line speed of 50 kHz. 
The incoming beam was split by a coupler with 90% of the power going to the sample arm while 
10% went to the reference arm. The vibration velocity was detected by Doppler OCT based on 
phase shift measurement based on the following equation: 
V = 𝜆0	×	∆𝜓4𝜋	×	𝑛	×	Δ𝑡 
where V is the vibration velocity, the phase shift is the vacuum center wavelength (𝜆0=1310 nm), 
n is the refractive index (n=1.4) and Δ𝑡 is the time interval.  
Three test series were made. For the feasibility test, 600 µL of fresh porcine blood was first 
mixed with buffered 𝐶𝑎𝐶𝑙2 (0.2 mol/L, 40 µL) and activator kaolin solution (12.8 g/L, 40 µL); 
then a drop of 200 µL of blood solution was placed on the microscope slide. For the 
hemodilution test, in order to quantify the viscosity changes during blood coagulation, the 
changes in the attenuation coefficient were measured. Different concentrations of activator 
kaolin solutions (final concentration of 0.75 g/L and 0.38 g/L, a final concentration of 0.01 
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mol/L and 0.75 g/L) were added to the blood. For the third series, the blood sample was mixed 
with a final concentration of 0.38 g/L kaolin and a diluted solution of either NaCl (concentration 
of 0.9%; Sigma-Aldrich, MO) or VetStarch HES (concentration of 6% 130/0.4; Zoetis, NJ). For 
each series, 3 blood samples of 200 µL were tested for 10 min and the coagulation metrics were 
measured with the PZT-OCE system. 
After excitation from the PZT, a compressional wave was generated and kept attenuated while 
propagating from the surface of the blood to the bottom. Due to the attenuation, the wave 
displacement amplitude decreased following the power-law, frequency-dependent attenuation 
equation: 𝐴(∆𝑥) = 𝐴(0)×e−α∆x 
where A(0) and A(∆𝑥) are the amplitude of the compressional wave at the initial point and after 
a travel distance (∆𝑥). The α is the attenuation coefficient of a compressional wave, which is 
mainly depended on the tissue viscosity with a given wave frequency: 
α = ln 𝑉𝑚𝑎𝑥 0 − ln	[𝑉𝑚𝑎𝑥 ∆𝑥 ]∆𝑥  
where Vmax(0) and 𝑉𝑚𝑎𝑥 ∆𝑥  are the maximum vibration velocities at the initial point and at a 
distance of ∆𝑥.  
The feasibility test result is shown in Figure 8. Vibration velocities were measured at the PZT 
surface (Vmax(0) = 4.0 mm/s) as well as at the position where 1.4 mm away 𝑉𝑚𝑎𝑥 1.4	𝑚𝑚  = 
0.9 mm/s). Therefore, the attenuation coefficient factor	α of the blood was 1.1 Np/mm at 1.4 
mm away from the PZT excitation point. 
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Figure 8. Feasibility test of vibration measurements for blood sample with 0.01 mol/L 𝐶𝑎𝐶𝑙2 and 0.75 
g/L NaCl. A) OCT images; B) M-scan OCT images; C) Doppler phase images; D) Vibration velocities on 
the PZT surface and 1.4 mm away from the PZT surface [10]. 
 
The attenuation coefficients changed over time during the blood coagulation process. The results 
for attenuation different concentrations of kaolin are shown in Figure 9. 
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Figure 9. Monitoring blood coagulation with different concentrations of activator kaolin solution. A) 
Attenuation coefficient plot with 0.75 g/L and 0.38 g/L kaolin solution. B) Changes of the attenuation 
coefficient in three stages. C) Coagulation metrics [10].  
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From Figure 9 (A), it is obvious to see a difference in the attenuation coefficient changes 
between the two different concentrations of kaolin. Figure 9 (B) shows three stages of the 
changes in the attenuation coefficient. At the first stage, before the blood starts to coagulate, the 
attenuation coefficient stayed unchanged. Then, it begins to increase rapidly with an increased 
viscosity at the second stage. The slope of the second stage indicates the clot formation rates. 
Finally, at the third stage, the attenuation coefficient changes to a small extent and remain stable 
with the maximum viscosity of the clot. Figure 9 (C) provides the coagulation metric, including 
the coagulation time and the clot formation rate for blood with 0.75 g/L and 0.38 g/L kaolin 
solution. The initial coagulation time is longer in blood with a lower concentration of kaolin. 
However, the clotting rate is similar which corresponds with previous studies [16]. 
The results of the blood clotting plot with diluted NaCl and HES are shown in Figure 10. 
 
 
 21 
 
 
Figure 10. Monitoring blood coagulation in whole blood and blood with either diluted NaCl or HES. A) 
Attenuation coefficient plot of the whole blood and blood with diluted NaCl and HES. B) Coagulation 
metrics [10]. 
 
From Figure 10 (A), both whole blood and blood with diluted NaCl showed three stages during 
the coagulation process. However, 5 stages were observed in the blood sample with HES, 
including the initial stable state, the rapid transforming stage, the second stable stage, the second 
transforming stage, and the final stable stage. Clot formation rates were calculated at the first and 
second stable stages. Three groups had similar initial coagulation time, indicating that the 
viscosity starts changing almost at the same time. The initial blood clotting process was greatly 
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affected by hemodilution; yet, it did not significantly change when the blood started to clot and 
turned into a gel stage when the blood was diluted with NaCl. However, the coagulation 
formation rate significantly decreased in blood diluted with HES.  
In this work, the PZT-OCE system successfully visualized the blood coagulation process in 
real-time. It can measure the attenuation coefficient directly which closely related to the blood 
viscosity property. The operation of the measurement is relatively simple by placing a drop of 
sample blood onto the system. Also, compared to traditional blood coagulation monitoring 
analysis, the PZT-OCE can rapidly provide information on the clot formation process. Clinically 
coagulation metrics were quantified to characterize the influence of the activator kaolin and the 
influence of hemodilution with either NaCl or HES during the coagulation process. 
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Chapter 3 
Development of PS-OCT with Spun Fiber 
PS-OCT is a functional extension of traditional OCT. Compared to intensity-based OCT, 
PS-OCT has the advantage of proving additional contrast information of the sample tissue based 
on the polarization properties of the light [17, 18].  
Several implementation schemes of PS-OCT have been developed so far [6]. In the early days, 
free-space optics was utilized for controlled polarizations in a PS-OCT system. Polarization 
maintaining (PM) fibers have been considered for fiber-optic implementation but were found to 
be less attractive because of increased implementation cost and polarization-mode coupling 
effects [19]. Lately, PS-OCT systems based on an ordinary single-mode fiber (SMF) have been 
rigorously researched [18]. In those systems, the polarization state is presumed to be 
uncontrolled and unknown. Self-calibration techniques are utilized to neutralize the systematic 
polarization effects based on the Jones matrix or Muller matrix formalism. A complicating factor 
of the SMF-based PS-OCT systems comes from possible coincidence of the sample-incident 
polarization state to the sample’s characteristic polarization state represented by the principal 
axis [20]. With uncontrolled polarizations, multiple acquisitions of A-lines or switching the 
polarization state or simultaneous multiplexed acquisition of multiple polarization inputs become 
necessary for reliable detection of the polarization states for reflected light signals. Increased 
system complexity in optical configuration and signal processing reduces the advantage of 
SMF-based PS-OCT systems [21, 22]. 
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In this work, we present a novel scheme of PS-OCT implementation which takes advantage of a 
special PM fiber known as a spun fiber (Figure 11). This type of optical fiber has the structure of 
a PM fiber twisted about the fiber axis. The spun geometry distinguishes two circular 
polarization (CP) states with different propagation speeds. As ordinary PM fibers have two 
eigen-modes linearly polarized, the spun fibers have two CP modes with minimal coupling 
between them. By a nearly symmetric structure, the spun fibers may exhibit reduced sensitivity 
on fiber bends. Use of the spun fiber in a PS-OCT system is advantageous in terms of orientation 
insensitivity in fiber connections. In the case of ordinary linear PM fibers, a slight mismatch in 
angle induces annoying inter-mode coupling. The feature of orientation insensitivity can allow 
use of a fiber rotary joint which is very important in endoscopic PS-OCT systems. 
 
Figure 11: Spun optic fiber. Bow-tie rotates along the optic axis, distinguishing two circular 
polarization states. 
 
Figure 12 shows the schematic diagram of our PS-OCT system. The VCSEL swept source 
(SS) with a 1310 nm center wavelength was used as the light source. The main body of the 
SS-OCT interferometer was constructed with SMF optics for simplicity while the spun fiber 
was used in the sample arm. Light comes from the laser and was filtered with a linear 
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polarizer and separated by a 75/25 coupler where 75% of the light went to the sample arm. 
At the sample arm, the light was tapped out and examined in a polarization state by the SOP 
monitor. With a polarization-sensitive photodetector, the state was adjusted to be linearly 
polarized by using a polarization controller placed at the SMF part. Light was launched to 
the spun fiber in a CP mode after a quarter waveplate (QWP). Thus, the sample-incident 
light was aligned to be of the CP state as well. The light reflected from the sample was 
delivered to two balanced photodetectors which detected the respective CP states of the spun 
fiber. Through careful alignments of polarization controllers with polarization-sensitive 
detectors, the polarization states were properly controlled in our system and kept unchanged 
during operation. Meanwhile, the spun fiber exposed to possible physical variations could 
maintain the CP states in the signal interconnection. Thus, the system was constructed by 
fiber optics but managed controlled polarization, which largely differs from the operation 
principle of SMF-based PS-OCT systems developed previously. 
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Figure 12: Schematic of the PS-OCT system. PC: polarization controller, C1: 75/25 coupler, C2, C3. C4: 
50/50 coupler, QWP: quarter-wave plate, PBS: polarization beam splicer. 
 
We tested our PS-OCT system on a chicken breast sample. Figure 13 shows the results of the 
proposed system. Due to the birefringent properties of the chicken breast, muscle structures show 
different sensitivities to the two polarization states. The bright area shown in channel A 
(horizontal polarization states) becomes dark in channel B (vertical polarization state). Compared 
with intensity-based images, phase retardation shows clear muscle structures, indicating our 
PS-OCT system is able to get more information due to its additional contrast. 
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Figure 13: Chicken breast images from upper A) horizontal polarization states, B) vertical polarization 
states, C) intensity-based image, and lower D) phase retardation image. 
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Chapter 4 
Summary 
From this study, we can conclude that OCT is an effective tool to resolve hair follicle density and 
hair follicle diameter, therefore, making it possible to diagnose androgenic alopecia at an early 
stage. Since the penetration depth of the OCT beam is approximately 1-2 mm, we’d like to use 
the 1700 nm center wavelength source for a deeper observation in the future. Also, more patients 
will be involved for better understanding of androgenic alopecia. 
The PZT-OCE system could be used to rapidly and conveniently provide information about the 
clot formation process in whole blood. Clinical coagulation metrics can also be monitored to 
characterize the influence of different amount of activator kaolin and the influence of 
hemodlution with either NaCl or HES on blood coagulation process. There, our PZT-OCE 
system is powerful in real-time viscosity monitoring assessment during the blood coagulation 
process. In addition, the PZT-OCE system has the capability to image elasticity of anisotropic 
biological tissue by measuring the coaxial longitudinal shear wave.  
PS-OCT with spun fiber successfully distinguished the two polarization states of a chicken breast 
sample, which shows great potential in the development of an endoscopic PS-OCT system for 
additional information on many applications. As future plan, we would like to further research on 
the spun fiber and try to find out the best condition for the making circular polarization. We also 
want to apply the PS-OCT system into the study of androgenic alopecia to observe the 
birefringence of hair follicle.  
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